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RELATED APPLICATIONS 

[0001] This application is a continuation-in-part of U.S. Patent Application 09/746,956, 
filed December 22, 2000, which claims the benefit of U.S. Provisional Application 
No. 60/173,077, filed December 24, 1999. This application is also a continuation-in-part of 
U.S. Patent Application No. 10/781,523, filed February 18, 2004. Each of these 
applications is herein incorporated in its entirety by reference. 

FIELD OF THE INVENTION 

[0002] The invention relates to quantum well infrared photodetector (QWIP) technology, 
and more particularly, to a tunable QWIP focal plane array capable of multiple dual-band 
imaging. 

BACKGROUND OF THE INVENTION 

[0003] A quantum well designed to detect infrared (IR) light is called a quantum well 
infrared photodetector (QWIP). QWIPs operate by photo-excitation of electrons between a 
ground state and an excited state of its quantum wells. In more detail, a quantum well 
absorbs IR photons. This absorption of IR photons photo-excite electrons from the ground 
state to the excited state of each quantum well. The excited states of the quantum wells 
making up a QWIP lie close to or within an energy transport band (sometimes referred to 
as the continuum or a miniband). A voltage externally applied to the QWIP operates to 
sweep out the photo-excited electrons, thereby producing a photocurrent in the continuum 
or miniband. 

[0004] Quantum wells are grown in a crystal structure. In general, layers of two 
different, high-bandgap semiconductor materials are alternately grown. The bandgap 
discontinuity of the two semiconducting materials creates quantized sub-bands in the wells 
associated with conduction bands. Only photons having energies corresponding to the 
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energy separation between the ground and excited states are absorbed. This is why a 
QWIP has such a sharply defined absorption spectrum. Note that each well can be shaped 
to detect a particular wavelength, and so that it holds the ground state near the well bottom, 
and the excited state near the well top. 

[0005] A group of QWIPs can be used to form a focal plane array (FPA) in detection 
applications, where each QWIP effectively acts as a pixel of the array. Each QWIP 
structure is designed to produce a signal that is transmitted to a read out circuit. The group 
of the signals from all the pixels of the FPA can be used to produce an image 
corresponding to the received infrared radiation. In a multicolor application, the QWIP 
structures must be configured so that each desired color can be detected. Signals produced 
by the QWIPs must then be captured and processed so that images can be formed and 
displayed. Such functionality is not trivial, and is associated with a number of difficult 
implementation problems. 

[0006] In addition, although various tunable absorption schemes have been developed, 
where the wavelength of absorption is tunable (e.g., such as those using asymmetric 
quantum wells), there appears to be no device that is capable of tunability at the FPA level 
for performing the likes of target imaging. In particular, it would be highly desirable to 
have a multicolor, multifocal plane optical detector device that has a spectral response 
tunable at both a coarse tuning level (e.g., switch between two spectral bands, such as from 
mid-wavelength to long-wavelength) and a fine tuning level (e.g., within one spectral 
band, such as from mid-wavelength to mid-wavelength). 

[0007] The tunable detector would ideally be a monolithic or unitary device that can be 
fabricated by conventional epitaxial growth techniques on a single substrate with a 
sufficient number of contacts suitable for direct, discrete, pixel to readout integrated circuit 
(ROIC) connection and direct current readout for each detected wavelength, and that can 
be easily scaled up to large array configurations suitable for the many applications for 
which such a device would be attractive. 

[0008] What is needed, therefore, is a QWIP FPA design that is configured for spectral 
tunability for performing the likes of imaging and spectroscopy. 
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BRIEF SUMMARY OF THE INVENTION 

[0009] One embodiment of the present invention provides a tunable quantum well 
infrared photodetector focal plane array (QWIP FPA) imaging device. The device includes 
one or more detector layers configured with asymmetric quantum wells. Each detector 
layer is between contact layers, thereby defining a stack of layers having a front side and a 
back side. Each detector layer has a spectrum of light absorption that changes in response 
to an applied bias. Thus, each detector layer can effectively operate as a tunable channel. 
For example, applying a first bias causes a first spectrum of absorption to be dominant and 
applying a second bias causes a second spectrum of absorption to be dominant. A light- 
coupling grating is formed on the backside of the stack. The grating has a pattern that 
reflects a substantial portion of incoming light so as to disperse that light through the one 
or more of the detector layers, thereby facilitating absorption. A reflective coating on the 
sides of the detector layers provides, in conjunction with the light-coupling grating, a 
photon-in-a-box configuration for containing light. Note that the stack of layers can be one 
multicolor pixel of the device that is repeated a number of times, thereby defining an array 
of the multicolor pixels. 

[0010] Each detector layer can be configured to have a thickness of about one micron or 
less. The device may further include a read-out integrated circuit (ROIC) that includes 
biasing circuitry adapted to deliver bias signals to each detector layer thereby enabling 
tunability of the corresponding spectrum of light absorption. Coarse tuning could be used, 
for example, to cause bimodal spectral shifts (e.g., from mid-wavelength IR to long- 
wavelength IR), while fine tuning could be used to cause smaller spectral shifts within a 
particular mode (e.g., for spectroscopy applications). In one particular such embodiment, 
each contact layer of the device is electrically coupled to a backside contact, thereby 
facilitating connection to the ROIC. The ROIC may further include an image processor 
adapted to receive pixel data from each detector layer and to generate corresponding 
images associated with the pixel data. In another such embodiment, each asymmetric 
quantum well is a unit cell comprising two quantum wells coupled by a barrier. One of the 
quantum wells is configured to absorb a first spectrum, and the other quantum well is 
configured to absorb a second spectrum. Applying a first bias causes the first spectrum to 
be dominant and applying a second bias causes the second spectrum to be dominant. The 
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quantum well configured to absorb the second spectrum may include a well spike, which 
effectively raises the ground state of that well. 

[0011] Another embodiment of the present invention provides a tunable quantum well 
infrared photodetector focal plane array (QWIP FPA) imaging device. This particular 
embodiment includes one or more detector layers each including a plurality of asymmetric 
unit cells. Each unit cell includes two quantum wells coupled by a barrier. One of the 
quantum wells is configured to absorb a first spectrum in response to a first bias being 
applied, and the other quantum well includes a well spike and is configured to absorb a 
second spectrum in response to a second bias being applied. Each detector layer is 
between contact layers, thereby defining a stack of layers having a front side and a back 
side. 

[0012] The device may further be configured with a read-out integrated circuit (ROIC) 
that includes biasing circuitry adapted to deliver the first and second bias signals to each 
detector layer, thereby enabling spectral tunability of the device. Each contact layer of the 
device can be electrically coupled to a backside contact, thereby facilitating connection to 
the ROIC. The ROIC may further include an image processor adapted to receive pixel data 
from each detector layer, and to generate corresponding images associated with the pixel 
data. Note that the stack of layers can be one multicolor pixel of the device, and repeated a 
number of times thereby defining an array of the multicolor pixels. Each pixel can provide 
pixel data to the image processor. 

[0013] Another embodiment of the present invention provides a tunable quantum well 
infrared photodetector focal plane array (QWIP FPA) imaging device. This particular 
device has one or more detector layers including asymmetric quantum wells. Each 
detector layer has a spectrum of light absorption that changes in response to an applied 
bias. For example, applying a first bias causes a first spectrum of absorption to be 
dominant and applying a second bias causes the second spectrum of absorption to be 
dominant. In addition, each detector layer is between contact layers, thereby defining a 
stack of layers having a front side and a back side. The device is further configured with a 
read-out integrated circuit (ROIC) that includes biasing circuitry adapted to deliver bias 
signals to each detector layer thereby enabling spectral tunability. An image processor is 
adapted to receive pixel data from each detector layer and to generate corresponding 
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images associated with the pixel data. Note that the stack of layers can be one multicolor 
pixel of the device, and repeated a number of times thereby defining an array of the 
multicolor pixels, from each of which the image processor receives pixel data. 
[0014] In one specific embodiment, each asymmetric quantum well is a unit cell 
comprising two quantum wells coupled by a barrier. One of the quantum wells is 
configured to absorb a first spectrum, and the other quantum well includes a well spike and 
is configured to absorb a second spectrum. In such a case, a first bias can be applied to 
cause the first spectrum to be dominant, and a second bias can be applied to cause the 
second spectrum to be dominant. 

[0015] The features and advantages described herein are not all-inclusive and, in 
particular, many additional features and advantages will be apparent to one of ordinary 
skill in the art in view of the drawings, specification, and claims. Moreover, it should be 
noted that the language used in the specification has been principally selected for 
readability and instructional purposes, and not to limit the scope of the inventive subject 
matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] Figure 1 is a partially cut-away perspective view of a 2-channel QWIP FPA 

device configured in accordance with one embodiment of the present invention. 

[0017] Figure 2 is a cross-section view of the device shown in Figure 1 . 

[0018] Figure 3 is a simplified electrical schematic of the device shown in Figure 1 . 

[0019] Figure 4 is a graph illustrating the relationship between absorption and increasing 
wavelength for interband materials. 

[0020] Figure 5 is a graph of the absorption coefficient versus wavelength for the 
detection layers of the device shown in Figure 1 . 

[0021] Figure 6 is a side view and schematic of a tunable 2-channel QWIP FPA device 
configured in accordance with one embodiment of the present invention. 

[0022] Figure 7 illustrates an energy-level diagram of an asymmetric quantum well 
structure configured in accordance with one embodiment of the present invention. 
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[0023] Figure 8a illustrates the response of a tunable QWIP FPA having asymmetric 
quantum wells, where a bimodal spectral shift can be achieved with a change in bias in 
accordance with one embodiment of the present invention. 

[0024] Figure 8b illustrates the response of a tunable QWIP FPA having asymmetric 
quantum wells, where a spectral shift within a particular mode is achieved with a change in 
bias in accordance with one embodiment of the present invention. 

[0025] Figures 9a and 9b illustrate band diagrams, eigenstates, and electron distribution 
associated with an asymmetric quantum well structure configured in accordance with 
another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0026] Embodiments of the present invention provide a tunable QWIP FPA device that 
is configured for multi-modal and spectral tunability for performing the likes of imaging 
and spectroscopy. A selected bias voltage is applied across the contacts associated with a 
particular detector layer or "channel" of the device, where each applied bias corresponds to 
a particular target spectrum for detection. Each detector layer has a spectral response that 
can be coarse tuned for a bimodal or dual-band operation (e.g., MW/LW). Also, each 
detector layer is configured for continuous or fine tuning within a particular mode (e.g., 
MW/MW). Thus, dynamic bias-controlled tuning is enabled. 

[0027] The tunable QWIP FPA can be fabricated as a multifocal plane imaging device 
using conventional epitaxial growth techniques on a substrate. Back side contacts can be 
used to enable direct, discrete, pixel to ROIC connection and direct current readout for 
each detected wavelength (i.e., per channel). Each detector layer/channel of the detector 
can be dedicated to sensing a particular spectrum or spectral band. In addition, note that 
any one spectrum can be dominant while other spectra are effectively dormant. 
Alternatively, simultaneous biasing can be applied thereby enabling the detection of 
corresponding multiple spectra at the same time (one spectrum per each detector 
layer/channel). 

[0028] The tunable detector can be scaled up to large array configurations suitable for 
the many imaging applications. 

General QWIP Structure 
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[0029] Figure 1 is a partially cut-away perspective view of a light detector device 
configured in accordance with one embodiment of the present invention. As can be seen, 
this example light detector device is configured with multiple layers of semiconductor 
materials designed for detecting light at two different wavelengths, X\ and X 2 . In particular, 
the device includes two layers 20 and 40 of detector semiconductor material, each with a 
different light absorption spectrum. Layer 40 detects X\ and layer 20 detects X 2 . In 
addition, note the contact layers 10, 30 and 50 of semiconductor material, which are 
electrically coupled to the backside contacts 11, 31, and 51 respectively, by metalized 
conductor strips. The backside connections are provided for applying detector bias and 
individual detector current readouts. A reflective coating 62 can be provided on the side of 
the detector layers to provide a photon-in-a-box effect, to contain light within the detection 
area as explained herein. 

[0030] It will be appreciated that although this embodiment is capable of simultaneously 
detecting multiple wavelengths of light on a pixel-registered basis, other embodiments may 
be configured to detect a single wavelength. Thus, the layers of the QWIP structure or 
"photodetector" may vary depending on the particular application. For example, a single 
wavelength detector might have only one detection layer and two contact layers (one well 
contact and one common contact). 

[0031] The structure can be created by conventional epitaxial growth of the various 
layers of semiconductor material upon a semiconductor substrate followed by selective 
removal of material using various etch techniques (wet and dry) to create the plateau- 
shaped device. The specific semiconductor materials used depend on the specific 
wavelengths to be detected. Binary and ternary compounds such as GaAs and AlGaAs, 
and quaternary compounds such as GalnAsP, can be used for fabrication of the device 
layers. 

[0032] The semiconductor materials of the detector layers 20 and 40 may be interband 
materials, where the layers are deposited in order from top to bottom of the photodetector 
by their respective response curves for detecting from longer to shorter wavelengths of 
light. Note that such a configuration is not a QWIP structure, and is more correctly 
referred to in general as a detection device. The interband materials may include, for 
example, elements from among Groups II, III, IV, V and VI of the periodic table, such as 
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GaAs, AlGaAs, and GalnAsP. Such an interband configuration allows for multiple color 
detection, in that each layer is specifically fabricated to detect a particular color. In this 
sense, the detector's spectral response is static. 

[0033] In alternative embodiments, the semiconductor materials of layers 20 and 40 may 
be quantum-well inter-sub band material systems, from among Groups II, III, IV, V and VI 
from the periodic table (e.g., GaAs/AlGaAs and AlGaAs/InGaAs). Multiple sets of 
detector layers can be stacked on top of each other to form the sensor area of the Q WIP 
structure. Here, the type of quantum well used determines whether the detector's spectral 
response is static or tunable. If symmetric quantum wells are used, then quantum 
mechanic selection rules dictate a static spectral response. However, asymmetric wells 
allow for tunability. 

[0034] The contact layers 10, 30, and 50 of the QWIP FPA structure can each be 
implemented, for example, as n - GaAs, with contact points covered in gold or palladium. 
[0035] In a multiple wavelength configuration having multiple detector layers, an edge 
connector can be included for providing the detector bias voltage, given limitations in the 
ability to fabricate posts and vias in proportionally thicker devices. Alternatively, a 
backside bias connection can be provided in the same plane as the detector signal contacts 
where the detector layers and contact layers are relatively thin (e.g., about one micron 
thick). This permits the etching of vias and wells sufficiently deep to reach the contact 
layers but still sufficiently small in width and cross-section to allow room for several 
contacts within the pixel surface area. Metal conductive strips can be used to electrically 
couple the contact layers to their backside surface pads. 

[0036] Figure 2 is a cross-section view of the device shown in Figure 1, and illustrates 
the contact layers 10, 30, and 50, and light detection layers 20 and 40. Also illustrated is a 
light-coupling grating 60 and interconnect bumps 11, 31, 51 used to electrically and 
mechanically couple the QWIP structure to a read out integrated circuit (ROIC) substrate 
70. The three interconnect bumps 11, 31, 51 in this particular case couple the contacts for 
each of the detector layers 20 and 40, as well as the contact for the detector common. 
These bumps 11, 31, 51 can be implemented, for example, with In or an Indium- 
compound. Note that the QWIP structure is shown as inverted after the hybridization 



Docket # 20030 126-CIP 



8 



process, where the QWIP structure is electrically and mechanically coupled with the ROIC 
substrate 70. 

[0037] In operation, a detector bias voltage (V DB ) can be applied to one or both 
contacts 11 and 51 with reference to contact 31. For simplicity, note that the contacts 
corresponding to bumps 11, 31, and 51 are referred to herein as contacts 11, 31, and 51. 
Application of a detector bias voltage produces an electrical bias across the corresponding 
detector layers 20 and 40. In static or non-tunable configurations, formed using symmetric 
quantum wells, changes in the bias applied to each contact do not cause changes in the 
spectral response. In tunable configurations, formed using inter-sub band material systems 
and asymmetric quantum wells, this bias applied to each contact can be different, and 
changes in the bias cause spectral shifts. 

[0038] In a QWIP FPA having a tunable spectral response, the composition of the two 
photo detecting layers 20 and 40 and the structure of their asymmetric wells are chosen so 
that when light passes into the sensing area, the respective layers selectively absorb target 
wavelengths of interest based on the bias applied, while remaining transparent to other 
wavelengths. Absorption of the target wavelength of light energy modulates current in the 
corresponding detector layer. This current from each detector layer can then be measured 
separately and simultaneously by the ROIC present on substrate 70. The equivalent 
electrical schematic of Figure 2 is depicted in Figure 3. 

[0039] The light-coupling grating 60 is etched or otherwise formed on the top of the final 
or backside contact layer 50. This grating 60 has a pattern that reflects a substantial 
portion of the light coming straight into the detector in a direction normal to the path of 
entry, dispersing it through detector layers 20 and 40 so as to maximize the exposure of the 
detector layer's semiconductor materials to the light. A photon box configuration can also 
be provided (where detector layer sides are coated with a reflective material 62, such as 
gold, as shown in Figure 1) to further reflect light that is dispersed substantially parallel to 
the focal plane, thereby preventing that dispersed light from escaping out the sides of the 
detector area. 

[0040] The geometry and orientation of the pattern of grating 60, including the size, 
height, and spacing of the steps or wells of the grating 60, is optimized for the center 
wavelength of interest. In one particular embodiment, the depth or relief of the etching is 
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one quarter wavelength of the wavelength of interest, while the spacing or pitch of the lines 
of the pattern is a wavelength in each direction. Also, the orientation of the grating 60 with 
respect to the pixel axes is about 45 degrees, but can range from about 20 to 70 degrees. 
Some types of grating 60 are oriented at 0 degrees. Various configurations of grating 60 
and other techniques for enhancing absorption capability and efficiency are discussed in 
more detail in the previously incorporated U.S. Application No. 09/746,956, titled "Multi- 
color, Multi-Focal Plane Optical Detector" and U.S. Application No 10/781,523, filed 
2/18/04, and titled "QWIP with Enhanced Optical Coupling." 

[0041] Figure 3 is a simplified electrical schematic of the embodiment of Fig. 1, 
illustrating the device's ability to detect two wavelengths of light. In this particular 
example, the detector bias voltage V DB is applied to contacts 11 and 51 with respect to 
contact 31. Each detector layer, 20 and 40, absorbs the particular wavelength of light for 
which it was designed. This absorption modulates the current passing through the detector 
layer caused by the applied voltage bias. As previously stated, the applied bias may be 
different for each detector layer, and may be varied to effect both coarse and fine tuning of 
the spectral response (assuming asymmetric quantum well designs). The total current 
through each detector is separately collected by the readout integrated circuit and 
measured. This measured current is proportional to the amount of light absorbed by the 
associated detector. 

[0042] In one embodiment, the ROIC substrate 70 is configured to measure the current 
from one detector layer at a time, switching rapidly between detector layers XI and XI to 
perform each measurement. In an alternative embodiment, the ROIC substrate 70 is 
configured to measure currents from both detector layers XI and 12 simultaneously. 
Various multiplexing and signal processing schemes can be employed by ROIC substrate 
70. 

[0043] As previously stated, QWIP FPA structures configured in accordance with the 
principles of the present invention can be designed to detect one to many wavelengths 
simultaneously. For example, the two detector layer embodiment shown in Figures 1 and 
2 can be extended by adding detection layers and backside contacts to accommodate four 
or more discrete detector layers within each pixel. 
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Absorption Spectra 

[0044] There are two general types of absorption spectra seen in the materials that can be 
used to produce the photodetectors configured in accordance with the principles of the 
present invention. First, there are interband materials, such as GaAs, InSb, and HgCdTe, 
which are typically designed for the detection of near, mid-wave and long-wave infrared 
radiation, respectively. The relative absorption spectra for these materials appear as shown 
in Figure 4. The two curves L2 and LI represent the absorption coefficients as a function 
of wavelength (X) of the materials contained in detector layers 20 and 40 shown in Figure 
1. In general, each curve shows a region of high absorption at shorter wavelengths X 2 , 
while at longer wavelengths X\ t the absorption diminishes. 

[0045] To build a multicolor detector out of this type of material requires that the 
absorption spectra center around the wavelengths of light for which detection is desired, 
here assumed to be X { and X 2 . This selection ensures efficient absorption of light at the 
selected wavelengths. In this example, detector layer 20 of Figure 1 would be used to 
detect X 2 , and detector layer 40 would be used to detect X\. In addition, note that the 
materials are layered in the detector in an order such that light passes through detector 
layer 20 first and then through detector layer 40. The reason for this is that since the 
absorption spectrum for the material of layer 40 contains a region of high absorption that 
includes X 2 , it would incorrectly filter X 2 along with X\ if it were placed first in the path of 
incoming light. 

[0046] The second type of absorption spectrum is one seen in quantum-well inter-sub 
band material systems, such as GaAs/AlGaAs, AlGaAs/InGaAs, designed to detect mid- 
and far-infrared wavelengths. Figure 5 shows schematic representations of the absorption 
curves L M 2 and L M i for any two different quantum-well, inter-sub band materials M2 and 
Ml. Note that these spectra do not overlap each other in their respective X 2 and X\ regions 
of high absorption. When two such materials are used to create a multicolor photodetector 
configured in accordance with an embodiment of the present invention, then it is not 
necessary to form the structure with the layer sequencing constraint necessary with 
interband absorption materials. 

[0047] Vertically stacking relatively thin (e.g., one micron or less) detector layers in 
order of transparency, and using the light-coupling grating 60 and associated "photon box" 
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techniques, allows each detector layer the maximum exposure area to the incoming light. 
This improves detector performance as well as the detector fill factor, which is the active 
optical detector area divided by the total area. Also, with data from a given pixel collected 
at the same time for each color of that pixel, combined with discrete pixel bias control, 
complex data processing at each pixel site is enabled, thereby advancing the integration of 
sensing and processing power. Bringing the bias contact as well as the readout contacts to 
the backside surface of the pixel for mating to the ROIC substrate as with flip-chip or other 
bonding techniques facilitates the manufacturing process. 

[0048] Numerous potential applications for a detector configured in accordance with the 
principles of the present invention will be apparent in light of this disclosure. For example, 
with an array of dual-wavelength photodetectors, a network interconnect can be created 
whereby one wavelength transmits the data value while the other wavelength transmits the 
inverted data value. In this way, a differential optical signal can be transmitted, improving 
noise margin and extending the physical range of optical interconnects. Another 
application for the invention described herein is in vision systems where pixel-registered 
images in multiple wavelengths are useful, including weapons targeting, chemical analysis, 
medical imaging and diagnostics. Each pixel of the detector array may have a transparent 
face and a back side, where the back sides are all in a common plane to accommodate 
connection to a planar ROIC substrate using bump-bonding. In addition, each contact 
layer of each pixel may have a discrete electrical contact on the backside of the pixel, so 
that all the contacts are connectable to mating contacts on the planar substrate ROIC and 
other supporting electrical circuitry. 

[0049] In such an embodiment, one contact layer of each pixel can be the final or 
capping contact layer that forms the back side. Alternatively, one contact layer of each 
pixel is proximate to the backside of the pixel due to having been coated (completely or 
partially) to insulate, reflect, or provide bumps or contacts and conductive leads to lower 
level contact layers. The outer surface of the final or capping contact layer may be etched 
in relief with a light-coupling grating pattern for reflecting light entering the pixel normal 
to the transparent face, so that the light will be substantially dispersed into the detector 
layers. 

Multiple Dualband Imaging 
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[0050] Figure 6 is a detailed side structural view and schematic of a 2-channel QWIP 
FPA device configured in accordance with one embodiment of the present invention. As 
can be seen, there are two detector layers. Each detector layer includes a number of 
asymmetric quantum wells (e.g., 20 to 50 wells), and is sandwiched between a pair of 
barrier layers. A contact layer is electrically coupled with each detector layer. Also, a 
common contact layer (detector common) is provided. Note, however, that each detector 
layer could have its own common contact layer if so desired, which would require 
additional contact and barrier layers. 

[0051] Each of the contact layers is electrically coupled to the backside of the structure 
by a conductor. Note that each of the detector layers is associated with a channel, so as to 
provide first and second channels. Further note, however, that each detector layer can be 
of the same construction (same asymmetric quantum well structures). Each channel is 
electrically coupled to a biasing circuit. The channel 1 biasing circuit includes a bias 
source, a FET switch (SI) and an integrating capacitor (Cj nt l), and the channel 2 biasing 
circuit includes a bias source, a FET switch (S2) and an integrating capacitor (Cj nt 2). Pixel 
data from each channel is provided to a sample/hold circuit, and an image processor is 
provided to operate on the data from each pixel to form a video output. 
[0052] Note that only one 2-channel pixel is shown, but N such pixels will generally be 
provided. For instance, in a 320x256 QWIP array, N would equal 81920. Other array 
configurations will be apparent in light of this disclosure. 

[0053] In operation, each bias source is set to a particular DC voltage and held constant 
during an imaging session. As IR photons impinge on the detector and are absorbed into 
the asymmetric quantum wells, electrons are photo-excited from the ground state to an 
excited state of each well. Note that the excited state of an asymmetric well depends on 
the applied bias, which in turn determines the dominant spectrum of absorbed light. In this 
sense, the applied DC biases operate to sweep out the photo-excited electrons associated 
with a dominant or tuned spectrum in the form of a photocurrent Further detail as to 
embodiments of asymmetric quantum wells and biasing schemes is provided in reference 
to Figures 7, 8a, and 8b. 
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[0054] The photocurrent generated by a particular channel charges the corresponding 
integrating capacitor. After a pre-set time, the imaging processor issues the "switch 
control f through "switch control N " signals, which switches-in the sample/hold circuit, 
thereby causing the charge stored in each integrating capacitor to discharge into the 
sample/hold circuit. The discharged energy for each pixel is designated in Figure 6 as 
"pixel n ch. 1 data" and "pixel n ch. 2 data", where n is the corresponding pixel number 
ranging from 1 to N. The pixel sample/hold circuits can be implemented, for example, 
individually or on a single chip using conventional technology (e.g., switching network 
and capacitors). Likewise, the entire ROIC functionality can be implemented as a purpose- 
built chip set or ASIC. 

[0055] The pixel data^N stored in the sample/hold circuit can then be provided to the 
image processor for any necessary processing, such as correlation, addition, subtraction, 
spectroscopy, and related algorithmic functions. Composite images or video is provided at 
the processor output, allowing for viewing on a display by an operator and/or additional 
analysis. Note that the composite images can be output to a memory for storage (e.g., as in 
a camera application). The image processor can be implemented, for example, with a 
microcontroller or other suitable processing environment that is configurable to receive 
pixel dataj. N , perform any necessary signal processing and analysis, and generate 
composite images. Conventional signal and imaging processing techniques can be 
employed here. Note that the processor can also be used to control the channel 1 and 2 
bias voltages for each pixel. 

[0056] During a conventional hybridization process, the ROIC and the QWIP FPA can 
be pressed together (with their individual interconnect bumps aligned) so that mechanical 
and electrical bonds are formed between the respective contacts of the ROIC and QWIP 
FPA. Note that an etch stop layer is provided in this example, which will facilitate 
removal of the substrate upon which the QWIP FPA structure is grown if so desired. A 
passivation layer is provided on the top contact layer in this example, but recall that a light- 
coupling grating can be provided to improve the detector's absorption and quantum 
efficiency. 
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[0057] The interconnect bumps in this example are In, the metal contacts are Au, and the 
conductors electrically and mechanically coupling the contact to the interconnect bumps 
are Pa. In this sense, the metal contacts are adapted to a common planar surface to enable 
bump-bonding. The contact layers can each be, for example, an n-GaAs layer. The barrier 
and etch stop layers can each be AlGaAs, and the substrate can be a GaAs or other infrared 
transparent substrate material. In such an embodiment, the detector layers can be 
configured with asymmetric GaAs quantum wells, doped as conventionally done. Other 
configurations will be apparent in light of this disclosure, and the present invention is not 
intended to be limited to any one such embodiment. 

[0058] Note that each pixel has two channels. In this sense, each multicolor pixel is 
actually two co-located single color pixels. As explained herein, each single color pixel 
(i.e., each detector layer) can be tuned so that a particular spectrum of light is absorbed or 
dominant. Further note that each pair of co-located pixels included in an array can detect 
and measure at the same time. Thus, alignment and synchronization problems are avoided 
to provide perfect spatial and temporal registration. 

Asymmetric Quantum Wells 

[0059] Figure 7 illustrates an energy-level diagram of an asymmetric quantum well 
structure configured in accordance with one embodiment of the present invention. As can 
be seen, this example asymmetric well has a ground state (E0), a first excited state (El), 
and a second excited state (E2). Recall that, in a symmetric well, the quantum well 
selection rules dictate that only absorption from ground state to the first excited state is 
allowed, while absorption from ground state to second or additional excited states is 
prohibited. Thus, the spectral response of a symmetric well generally includes a single 
peak. 

[0060] In an asymmetric well, however, absorption from the ground state to second, 
third, etc. excited states is allowed. For example, photons having a first energy (e.g., first 
spectrum or color of light) will be absorbed from ground state E0 to the first excited state 
El, and photons having a second energy (e.g., second spectrum or color of light) will be 
absorbed from ground state E0 to the second excited state E2. Each of the absorbed 
spectra is associated with its own peak in the spectral response. In addition, a bias can be 
applied to determine which spectrum of light will be detected. In this sense, the bias 
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determines the dominant spectrum of absorption, and can therefore be adjusted to tune the 
spectral response. 

[0061] In the example shown in Figure 7, the asymmetric well is GaAs and has a width 
that is thinner relative to the upper portion of the well. The upper portion of the well is 
wider and introduces about 20% of the barrier aluminum content (Al 2 oo/ 0 Ga 80 o /o As). The 
barriers sandwiching the asymmetric well are Al 30 o /o Ga 70 o /o As. As will be explained with 
reference to Figures 8a and 8b, absorption occurs from E0 to El, or from E0 to E2, or 
some combination of E0 to El and E0 to E2. The dominant absorption detected depends 
on the bias applied. 

[0062] Figure 8a illustrates the response of a QWIP FPA configured with asymmetric 
quantum wells. Here, photons at about 4.75 jam (+/-0.5 |nm) are absorbed from the ground 
state E0 to the second excited state E2, and photons at about 10.0 jam (+/-1.0 jam) are 
absorbed from E0 to the first excited state El. With no bias applied, the absorption 
spectrum would include both peaks, assuming both spectra of 4.75 \xm and 10.0 \xm light 
were received and absorbed. Of course, nothing would be detected, since a bias is needed 
to sweep the photoelectrons out to the contacts. 

[0063] However, by applying a bias of, for example, -2 VDC, the spectrum of light that 
is detected is dominated by the photons at about 4.75 (im, because only electrons excited to 
the higher energy state E2 can be swept out of the quantum wells at this low bias. Then, 
by applying a higher bias of, for example, -5 VDC, the spectrum of light that is detected 
becomes dominated by the photons at about 10.0 (im, because now the electrons excited to 
the lower energy state El can also be swept out by this higher bias. This spectrum 
dominates because the absorption is higher in this spectral band to begin with. Thus, a 
bimodal shift (from mid-wavelength IR to long wavelength IR) in the spectral response of 
the QWIP FPA can be effected by changing the bias from -2 VDC to -5 VDC. Such a shift 
can generally be thought of as coarse tuning of the QWIP FPA spectral response. Note 
that intermediate biases such as -3 or -4 VDC will allow proportional detection of both 
spectra, although the response of one spectrum will be stronger than the other. 

[0064] In addition, and as shown in Figure 8b, a spectral shift within a particular mode 
can also be achieved with a change in bias, thereby allowing for fine tuning. In this 
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particular example, incrementally varying the bias from about -4 VDC to -6 VDC fine 
tunes the dominant spectrum that is absorbed, caused by finely tuning the energy level of 
the excited state El. Such fine tuning enables, for example, spectroscopy applications 
within a particular mode, which in this case is the long wavelength IR range. 
[0065] Thus, the biasing can be manually (e.g., by a user) or automatically (e.g., by a 
processor in the ROIC) set to provide both coarse and fine tuning. This coarse and fine 
tuning capability applies to each channel/detector layer of each QWIP structure (pixel) in 
the FPA. Thus, multimode-multicolor imaging is enabled using a QWIP FPA having 
detector layers all similarly fabricated (e.g., same asymmetry, semiconductor materials, 
and doping). The manufacturing process is therefore simplified, and tunable QWIP FPAs 
are provided. Note, however, that similarly fabricated detector layers is not intended as a 
limitation on the present invention. 

Asymmetric Unit Cell 

[0066] Figures 9a and 9b illustrate band diagrams, eigenstates, and electron distribution 
associated with an asymmetric quantum well structure configured in accordance with 
another embodiment of the present invention. Here, the asymmetric well is provided by 
virtue of a unit cell that includes two coupled quantum wells. In particular, the design 
includes a first quantum well configured to absorb a first spectrum (e.g., blue), a second 
quantum well configured to absorb a second spectrum (e.g., red), and a coupling barrier 
between the two wells. Outer barriers sandwich the coupled wells, and the second well 
includes a well spike. 

[0067] The "blue" and "red" wells can be, for example, GaAs. Only the red well is 
doped. The barriers sandwiching the wells can be, for example, Al 30 o /o Ga 70 o /o As. The 
coupling barrier between the wells, and the well spike in the red well can also be 
Al3 0 o/ o Ga 7 ()o/ o As. The well spike of the red well effectively adjusts the ground state, and 
not the excited states associated with the red well. 

[0068] In operation, electron transfer from one well to another takes place when a bias is 
applied. Only the well which has electrons can absorb light, and therefore contribute to 
photocurrent. For example, with a positive bias (e.g., +3 VDC), the photocurrent 
generated in the continuum is dominated by photo-excited electrons from the blue well, 
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which has most of the electrons in it. The blue well peak response might be, for instance, 
at about 8.6 um. On the other hand, with a negative bias (e.g., -3 VDC), the photocurrent 
generated in the continuum is dominated by photo-excited electrons from the red well, 
which has most of the electrons in it at this bias. The red well peak response might be, for 
instance, at about 10.0 um. In such a positive/negative biasing scheme, note that only the 
downstream well absorbs photons. The lowest two subbands (El and E2) are occupied at 
77K in this example. 

[0069] The asymmetry associated with this unit cell structure may cause a small peak in 
the 7 to 8 um range, as shown in Figure 9b. This peak can be filtered out (e.g., using 
spectrally selective lens) if so desired. As discussed in reference to Figures 8a and 8b, the 
biasing can be manually or automatically set to provide both coarse and fine tuning, which 
applies to both the blue well (ch. 1) and the red well (ch. 2) of each QWIP structure in the 
FPA. Thus, multimode or multicolor imaging is enabled using a QWIP FPA having 
detector layers all similarly or not similarly fabricated (e.g., same asymmetry, 
semiconductor materials, and doping). 

[0070] The foregoing description of the embodiments of the invention has been 
presented for the purposes of illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise form disclosed. Many modifications and 
variations are possible in light of this disclosure. It is intended that the scope of the 
invention be limited not by this detailed description, but rather by the claims appended 
hereto. 



Docket # 20030 126-CIP 



18 



